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For patients with implantable medical devices, the ability to safely undergo MRI 
scanning is critical to ensuring the highest standard of care.  The gradient coils of an MRI 
generate kilohertz frequency, time varying magnetic fields.  These magnetic fields 
induce a voltage on the external case of metallic, implantable medical devices through 
electromagnetic induction.  Since the magnetic field generated by a gradient coil is time 
varying, the induced voltage results in the flow of eddy currents which can cause 
heating effects.  These heating effects have been successfully modeled using ANSYS 
Maxwell and ANSYS Mechanical software packages. 
 
The multi-physics simulation and solution used ANSYS Maxwell for electromagnetic field 
simulation and ANSYS Mechanical for the transient thermal simulation while utilizing 
ANSYS Workbench to integrate the models.  To validate the model, simulations and 
physical testing were completed on a number of samples that varied in size and material.  
The model was then used to simulate the impact of implant size (both radius and 




These results can be used to support MRI safety assessments and design choices for a 
range of implantable medical devices.  The current regulatory landscape requires 
extensive safety testing that is often expensive and time consuming.  While the 
complicated question of medical device heating due MRI gradient coil fields remains 
open, computer simulation is now a proven tool that can provide easier and more 





CHAPTER 1. INTRODUCTION 
1.1 Importance of MRI 
Magnetic Resonance Imaging (MRI) is the gold standard for soft tissue diagnostic 
imaging in medicine.  In 2011, 32 million MRI scans were performed in the United States 
(IMV, 2012) which translates to about one MRI scan every second.  It also represents a 
significant growth from the 18 million MRI scans in 2001 (IMV, 2012) and the growing 
demand for this imaging modality.  Relative to other medical imaging modalities, MRI 
provides higher contrast between various soft tissues within the body.  For a range of 
conditions, including cancer and high-risk patients, MRI has the highest rating for 
appropriateness according to the American College of Radiology (ACR, 2013). 
 
MRI uses non-ionizing magnetic fields and radio frequency (RF) signals to create 
anatomical images.  When used in lieu of computed tomography (CT), MRI mitigates the 
significant health risks of the ionizing radiation present in CT scans.  Based on the 72 
million CT scans conducted in 2007, 27,000 potential cancer incidents were projected 
(Gonzalez, 2009).  For conditions where serial, or repeated, scan assessments are 
needed the additive ionizing radiation dosages of CT are unsuitable and can be helped 





1.2 MRI Components 
MRI scanners consist of three major components with each playing a unique and critical 
function in generating anatomical images: static magnet, radio frequency coils, and 
gradient coils.  The static magnet in an MRI is a superconducting electromagnet that 
includes a number of coils surrounded by extremely cold liquid helium (Coyne).  When 
current is passed through the coils, a magnetic field is generated.  This field is measured 
in Tesla (T), where 1 Tesla equals 10,000 gauss, and is typically 1.5T or 3.0T for MRIs 
used in hospitals for diagnostics.  Stronger magnets can also be used, often for research 
purposes, such as the 21.1T magnet built at the National High Magnet Field Laboratory 
in Tallahassee, Florida (Coyne). 
 
From an imaging perspective, the static magnet aligns the protons in the hydrogen 
atoms within a person to produce a bulk magnetization that is required for imaging to 
take place.  MRI relies on the fact that the body is made up mostly of water that 
contains hydrogen atoms that react to the magnetic forces inside a scanner (Coyne).  
This bulk magnetization is aligned with the direction of the static magnetic field (Clare, 
2006).  Even though the protons are aligned with the static magnet, they are not all 
pointed in the same direction with both a high-energy configuration and a low-energy 
configuration possible.  The distribution of high and low energy hydrogen atoms is fairly 
even with a slightly higher percentage lining up in the low-energy configuration.  This 
small percentage becomes critical for imaging because of the second major component 





Radio frequency coils produce an oscillating magnetic field for a short period of time.  
This magnetic field is orthogonal to the direction of the static magnetic field and is 
applied at the Larmor frequency, which is equivalent to the angular frequency of the 
hydrogen atom’s precession (Clare, 2006).  The end result is that the extra hydrogen 
atoms lined up in the low-energy configuration absorb the radiofrequency energy 
causing them to flip to the high-energy configuration.  When the radio frequency coil 
turns off, the hydrogen releases the absorbed energy which produces a signal that can 
be detected by the MRI scanner (Coyne).  Since different tissues will have varying 
amounts of water and the signal strength depends on the amount of hydrogen present, 
radio frequency pulses can differentiate tissue types based on the responses detected. 
 
At this point, we have a bulk magnetization due to the static coil which creates the 
environment for radiofrequency pulses to allow differentiation of tissue types based on 
their response which is dependent on water content.  The last step is to take this 
response and produce an image of a particular region, or slice, of anatomy.  This is 
where the gradient coils come in to play.  Since the resonance frequency of a hydrogen 
spin is proportional to the magnetic field that it is experiencing (Hornak), any region that 
experiences a unique magnetic field can be identified and separated.  In an MRI scanner, 
there are three gradient magnets in the scanner, each of which is oriented in a different 
dimensional plane (Coyne).  By rapidly turning the gradient coils on and off, a unique 
magnetic field can be created in all three dimensions to produce MRI image slices as a 





The gradient coils are much smaller and lower strength than the static coil.  The gradient 
coil strength is reported as a magnetic strength (millitesla, mT) that is a function of 
distance (meters, m).  The maximum gradient coil strength of current generation MRI 
scanners is around 100mT/m (Hornak).  Since the gradient coils are rapidly turned on 
and off, the time-varying magnetic fields they produce are often reported in dB/dt 
which is measured in Tesla per second.  This translates to the rate of change of the 
magnetic field and will become important when understanding the interactions of MRI 
fields and implantable medical devices. 
 
1.3 MRI and Implantable Medical Device Safety 
For patients with implantable medical devices, the ability to safely undergo MRI 
scanning is critical to ensuring the highest standard of care.  Until recently, patients with 
active implantable devices, such as pacemakers and neurostimulators, were 
contraindicated for MRI scans due to the safety risks associated with the interactions 
between the MRI fields and the device.  For these patients, few options existed; all of 
which were limited.  Instead of an MRI, patients with implantable medical devices can 
undergo a CT, which is not ideal for a range of issues, as discussed in Section 1.1.  A 
second option would be to have the implantable device explanted, receive an MRI, and 
then have the device re-implanted.  In addition to exposing patients to multiple 
surgeries, this often results in a loss of therapy efficacy due to the difficulties in product 





that require recurring MRIs for a given condition, a cancer patient for example, therapy 
is simply not possible with a number of implantable devices due to MRI safety concerns. 
 
These limited patient options are the result of a range of interactions between the MRI 
environment and implantable medical devices.  Each of the three main components of 
an MRI (static magnet, radiofrequency coils, and gradient coils) can interact with an 
implantable medical device (Nyenhuis, et al., 2005).  The static magnet, being a very 
strong magnet, can cause force and torque on ferromagnetic materials used in 
implantable medical devices.  The radiofrequency coils can cause electrical stimulation 
and heating, which is the primary hazard for neurostimulation devices (Mohsin, 
Nyenhuis, & Masood, 2010).  The oscillating magnetic field of the radiofrequency coils 
generates an electrical field within the human body.  If an implantable medical device 
has leads, or wires, they can act as antennas and pick up the electrical field generated by 
the radiofrequency coils.  The result is an electrical current traveling along the length of 
the device that will dissipate as heat where it is coupled to tissue.  For neurostimulators, 
this coupling occurs at the electrodes, which are next to the area of stimulation that is 
often sensitive tissue.  For spinal cord stimulators, this is inside the epidural space.  For 
deep brain stimulators, this is inside the brain.  The combination of critically sensitive 
tissues and high potential heat makes this interaction the greatest risk for patient safety.  
The last major component of an MRI, gradient coils, can cause unintended stimulation 






1.4 Gradient Coil and Implantable Medical Device Interaction 
The gradient coils of an MRI generate kilohertz frequency, time varying magnetic fields.  
These magnetic fields induce a voltage on the device, or case, of an implantable medical 
device through electromagnetic induction.  The induced voltage can be described by the 
Maxwell-Faraday equation for induction below where E is the electric field produced 
and B is the magnetic field. 




Since the magnetic field generated by the gradient coils is time varying, the induced 
voltage results in the flow of eddy currents which can cause heating effects.  For an 
implantable neurostimulator (INS) or pacemaker, heating effects are the result of 
resistive losses as described by Joule’s first law where Q is the generated heat measured 
in Joules (J), I is the current (ampere, A), R is the resistance of the device, and t is time. 
          (2) 
The magnitude of the heating effect is a function of a number of parameters.  One 
critical parameter is the surface area of the implantable device, with larger surface areas 
resulting in larger magnitudes of current.  Other important parameters include the 
thickness of the metal and its resistivity.  Finally, the heating effect will be a function of 
location and orientation of the surface of the device with respect to the gradient coils 







1.5 Regulatory Landscape 
With regards to safety in an MRI environment, implantable medical devices fall into one 
of three formal categories: MR Safe, MR Conditional, or MR Unsafe (Woods, 2008).  MR 
Safe applies to products that are not magnetic or electrically conductive and also do not 
interact with a radiofrequency environment.  MR Conditional applies to products that 
can safely undergo an MRI scan under a defined set of parameters (or conditions).  
These products may or may not be electrically conductive but have proven safety within 
the range of parameters for which they are labeled MR Conditional.  MR Unsafe refers 
to products that are unsafe for an MR environment or whose safety cannot or has not 
been definitively proven. 
 
The vast majority of active implantable medical devices fall into the MR Unsafe category 
and have labeling restrictions preventing scanning in an MRI as controlled by the Food 
and Drug Administration in the United States (FDA).  Recently, pacemakers (Foreman, 
2011) and neurostimulators (FDA, 2013), which have historically been labeled MR 
Unsafe, have successfully gained MR Conditional labeling.  In order to gain MR 
Conditional labeling, the challenge is not only in designing implants that are safe but 
also proving that the implant is safe in the MR environment, which has been 
accomplished in clinical studies (Wilkoff, et al., 2011). 
 
As of January 2013, the American Society for Testing and Materials (ASTM) has 





implants (ASTM Standard F2182-11a, 2011), magnetically induced torque on medical 
devices (ASTM F2213-06, 2011), and magnetically induced displacement force on 
medical devices (ASTM F2052-06e1, 2006).  However, despite being in progress, 
published ASTM test method standards do not exist for either radio frequency or 
gradient coil induced heating on or near active implants.  The International Organization 
for Standardization, or ISO, does have a published technical specification for the 
assessment of safety with MRI and active implantable devices that will eventually 
become a standard (ISO/TS 10974, 2012). 
 
The lack of a standard increases the resource burden of creating and proving safety for 
MR Conditional implants.  Clinical studies require extensive resources and time and do 
not always provide a comprehensive analysis.  Laboratory experimentation is possible 
for the range of interactions between MRI scanners and implantable medical devices 
especially when used in combination with computer simulation.  The goal would be to 
reduce the testing and evidence burden for implantable devices allowing quicker and 
easier approval for MR Conditional products to reach more patients as soon as possible 





CHAPTER 2.  BACKGROUND 
2.1 Evaluation of Gradient MRI Environments 
When evaluating gradient MRI environments in a laboratory setting, it is important to 
understand the construction and physics underlying a Helmholtz Coil.  In general, the 
gradient coils in an MRI are designed to make linearly changing fields, whereas a 
Helmholtz coil is designed to make a constant field.  Given the size of an implantable 
medical device relative to the gradient coil, it is reasonable to assume a spatially 
constant field over the device, which can be generated by a Helmholtz coil.  This 
component is often built independent of the other MRI components to allow for easier 
evaluation in laboratory settings.  Another tool for evaluating gradient MRI 
environments is computer simulation.  ANSYS is the developer of a range of software 
packages that can be used to simulate electromagnetic fields and environments.  These 
tools are detailed in the following sub-sections as background for the experimental 
design. 
 
2.1.1 Helmholtz Coil  
A Helmholtz coil consists of a pair of circular magnetic coils.  The utility of a Helmholtz 





given region (Sanchez, 2008).  For simulation, modeling, and experimentation this 
provides a framework for producing and analyzing fields that arise from complicated or 
difficult to reproduce environments, such as the gradient magnetic fields of an MRI. 
 
To create a Helmholtz coil, two coils are placed on opposite sides of an experimental 
area and an electrical current is passed through the coils.  The current is identical and 
flowing in the same direction for the two coils which are also identical in dimension 
(radius, R), construction and symmetry relative to the experimental area.  Figure 2.1 
below diagrams a Helmholtz coil with dimensions and parameters labeled. 
 












In a construction where the separation distance, h, is equal to the radius, R, the 
magnetic field in the x direction becomes a uniform, constant field at the center of the 
coil separation with magnitude (Sanchez, 2008): 




    
 
 (3) 
When a specific magnetic field is desired, it can be created by manipulating the current, 
I, in the coils.  This provides a setup for both physical laboratory testing and computer 
simulation validation.   
 
Technically, the gradient coil in the z-axis of an MRI is an anti-Helmholtz coil.  An anti-
Helmholtz coils has similar construction as a Helmholtz coil except that the electrical 
currents have opposite directions.  This results in axial fields that are in opposite 
directions (Tipler & Mosca, 2008).   As mentioned before, given the size of an 
implantable medical device relative to the gradient coil, it is reasonable to assume a 
spatially constant field over the device, which can be generated by a Helmholtz coil. 
 
2.1.2 ANSYS Simulation 
A number of software packages exist for the simulation and modeling of 
electromagnetic fields and field interactions.  The software developer ANSYS, Inc., 
produces two electromagnetic field solvers: HFSS, a full wave solver used for high 
frequency applications, and Maxwell a quasi-static solver used for low frequency 





domain, and time-varying electromagnetic and electric fields.  ANSYS Maxwell can be 
integrated with ANSYS Mechanical for transient thermal simulations utilizing ANSYS 
Workbench to sync the models, results, and parameters.  When combined, a complete 
simulation from electromagnetic inputs to thermal response is produced.  ANSYS is the 
preferred CAE (computer-aided engineering) software for this type of problem because 
of its multi-physics capabilities along with its popularity in both academic and industry 
settings (Lee, 2012).  Popularity provides easier access to training and also examples 
through a broader community of users. 
 
2.2 Literature Review 
The interactions between MRI environments and implantable medical devices have 
been investigated, studied, and published.  Nyenhuis et al. detailed the range of effects 
for each of the three principal magnetic fields (Nyenhuis, et al., 2005).  In this 
publication, the emphasis for safety is placed on RF-induced heating as shown through 
the example of neurostimulator leads used for deep brain stimulation (DBS).  The 
potential for heating is highlighted as a patient risk.  Additional studies extend upon this 
work with a thorough evaluation of DBS lead heating as a function of the specific 
absorption rate (SAR) and safety (Finelli, Nyenhuis, & Gonzalez-Martinez, 2002).  In this 







The combined effects of the static magnetic field and gradient fields are also explored 
by Nyenhuis et al. with the conclusion that any interaction is minimal and does not pose 
a significant risk to the patient (Nyenhuis, et al., 2005) beyond the risk associated with 
each of the magnets directly.  Similarly, heating as a function of gradient induced 
currents is presented as a theoretical possibility by Schueler, Hammer, and Kucharczyk 
(Schueler, Hammer, & Kucharczyk, 1999).  Following a series of MRI experiments with 
implantable medical devices, the authors end up concluding that no heating of any of 
the devices or leads was detected and include a simulation of the induced current 
density.  In the simulation, a worst-case implantable device configuration was modeled 
as an aluminum spheroid and resulted in a measurable current density.  Heating effects 
due to induced currents in MRI environments have been previously investigated by 
Buchli, Boesiger, and Meier with no temperature rise measured (Buchli, Boesiger, & 
Meier, 1988). 
 
Compared to the growing literature on the risks of RF induced heating of implantable 
devices in an MRI, heating due to gradient coils is substantially less explored.  This is 
mainly due to the significantly higher temperatures, and patient risks, associated with 
RF induced heating.  It is also a function of the difficulty of actual measurements, 
especially for neurostimulators, that necessitates the need for computer simulations 
when evaluating induced current (Schueler, Hammer, & Kucharczyk, 1999).  Despite the 
lack of evidence for significant heating due to gradient coils, proof of safety is still 





Outside of the interaction with implantable medical devices, the effects of gradient coils 
have been explored with regards to patient safety due to the potential of peripheral 
nerve and cardiac stimulation (Schaefer, Bourland, & Nyenhuis, 2000).  When discussing 
gradient coil dB/dt limits in the United States Schaefer, Bourland, and Nyenhuis state 
that there are no numerical limits due to the none-standard location and method of 
measuring.  The maximum switching rate, or dB/dt, of the time-varying magnetic 
gradient coil was characterized by the Cardiac Rhythm Management Division of St. Jude 
Medical with research that was presented at the 2011 International Society for 
Magnetic Resonance in Medicine (ISMRM) conference.  According to the research, 
across a range of 1.5T MRI scanners the maximum dB/dt was 56.5 T/s and occurred in a 
Siemens Avanto (Butala, Shehada, Constandi, Dianaty, & Jurkowski, 2011).  When 
evaluating the heating of gradient coils on implantable medical devices, the potential 
dB/dt values for the range of MRI scanners on the market place becomes an important 






CHAPTER 3. EXPERIMENTAL DESIGN 
3.1 Evaluation of Modeling Capabilities 
In an effort to determine the capability of ANSYS Maxwell to evaluate device heating 
due to MRI gradient fields, two approaches were used.  The first approach was an 
attempt to re-create the testing environment with a modeled Helmholtz coil.  The 
second approach was generating a uniform H field.  While both proved feasible, the 
uniform H field resulted in easier matching to the test environment and translation to 
the MRI environments under investigation.  The Helmholtz coil approach is discussed as 
a summary below for context while the uniform H field details the experimental design 
used for this evaluation. 
 
3.1.1 Helmholtz Coil 
With the ANSYS Maxwell software, a Helmholtz coil was created according to the 
configuration shown in Figure 2.1.  Two identical coils were made and an equivalent 
current was induced in both.  When solved, this current successfully generated a 
magnetic field, shown in Figure 3.1.  From the figure, it can be seen that the magnetic 
field is uniform in the target region at the center of simulation environment.  The field 






Figure 3.1 Magnetic Field generated by Helmholtz Coil in ANSYS Maxwell 
 
It was also shown that the magnetic field successfully induced an electric field on a 
device placed in the center of the coils.  This is shown in Figure 3.2. 
 






The ability to re-create the Helmholtz coil with the simulation software is encouraging 
and potentially useful when designing or testing a gradient coil test station.  This would 
require a more accurate representation of the physical coil elements and geometry.  It 
could also be used to evaluate the impact of subtle physical system variations on the 
magnetic field.  This is beyond the scope of this work but is a potential use of these tools. 
 
3.1.2 Uniform H Field 
In ANSYS Maxwell, it is also possible to simulate the time-varying magnetic field of the 
gradient coil by applying a uniform magnetic field strength, or H Field, to a given region 
of interest.  The H field to be applied can be calculated from a desired time-varying 
magnetic field and is explained through the equations and steps below.   In this thesis, B 
is the vector for the magnetic field that has a direction and a time dependent direction.  
|B| is a vector for the magnetic field that does not contain time dependence.  The 
magnitude of |B| is the peak magnitude of B and direction is the same as that of |B|. 
 
For a given time-varying magnetic field with the following equation where B is the 
magnetic field, f is the frequency, and t is time: 
  | |                 (4) 














|        | | (6) 
In the case of an MRI gradient coil, the known dB/dt value can be used to calculate B as 
a function of frequency: 





     
 (7) 
This solution for B can then be used to calculate the H field through the following 
equation, assuming there is no magnetic material, where µ0 is the magnetic constant 
equal to          N/A2. 




The uniform H field setup is shown in Figure 3.3 below.  The left side shows the region 
where an H field was applied in the vertical, Z-axis, direction, while the right side of the 
image shows the region where a zero H field was applied. 
 





The disk shown in the center of Figure 3.3 is a test sample, not a field.  Additional details 
for the H field simulation, including specific values, are included in Section 3.2.1. 
 
3.2 Computer Simulation of Device in Gradient MRI Field 
The multi-physics simulation and solution used ANSYS Maxwell for electromagnetic field 
simulation and ANSYS Mechanical for the transient thermal simulation while utilizing 
ANSYS Workbench to integrate the models.  The project schematic from ANSYS 
Workbench is shown in Figure 3.4.  It shows how the model geometry setup in Maxwell 
was linked to the Transient Thermal evaluation and the Maxwell 3D Solution was an 
input to the Transient Thermal Setup. 
 
Figure 3.4 Project Schematic for ANSYS Workbench Solution 
 
ANSYS Workbench is used to integrate the models and can also be used to execute the 
complete simulation.  Additional setup details are controlled in each individual software 





3.2.1 ANSYS Maxwell – Magnetic and Electrical Solution 
ANSYS Maxwell is used to determine the magnetic and electrical components of the 
simulation solution.  For this series of simulations, the EddyCurrents solver of Maxwell 
3D was utilized.  The project schematic, geometry setup, and geometry visual for the 
simulations are shown in the following figures.  In the project schematic, under Field 
Overlays, the NamedExpr term is a calculated dB/dt value and is illustrated later in 
Figure 4.5. 
 







Figure 3.6 Geometry for ANSYS Maxwell Setup 
 
 





When comparing Figure 3.6 to Figure 3.7, Cylinder 1 is the medical device sample in the 
center of the visual.  Cylinder 2 is the outer-most cylinder in the drawing and is 
represented by a vacuum.  This cylinder provides the geometry for the H field 
boundaries shown in Figure 3.3.  The H field Z component of the cylindrical tangential H 
field shown on the left of Figure 3.3 is shown in the following equation where f is 
frequency, and s is the unit for seconds to cancel the time component of frequency. 
 
  
   
          





The H field Z component was created as a function of frequency to allow a frequency 
sweep of solutions in future simulations.  It is calculated from the equations derived in 
Section 3.1.2 for a desired dB/dt of 25 T/s at 500Hz. 
 
Cylinder 3 is the middle cylinder and provides the saline environment equivalent to the 
physical test environment. The geometries of cylinders 2 and 3 are included in the 
following table. 
Table 3.1 Cylinder Geometry Values for Uniform H Field ANSYS Maxwell Simulation 
Name Cylinder 2 Cylinder 3 
Center Position 0cm, 0cm, -5cm 0cm, 0cm, -5cm 
Axis Z Z 
Radius 8.95cm 8.255cm 






The mesh operation was defined only on the device under test and is length based with 
a maximum length of the elements being 2mm and the maximum number of elements 
being 5000.  More refined meshes were tried with negligible impact to the final 
temperature values.  The analysis setup was adaptive with a maximum number of 
passes of 5 with a 1 percent error.  The convergence was set as 30% refinement per pass 
with a minimum number of passes of 4 and minimum converged passes of 1.  The solver 
was completed at an adaptive frequency of 500Hz.  The bulk conductivity for each of the 
simulated device materials is included in Table 3.2 in the following section. 
 
3.2.2 ANSYS Mechanical – Thermal Solution 
ANSYS Mechanical is used to solve the thermal component of the simulation.  As shown 
in Figure 3.4, it utilizes the geometry created in ANSYS Maxwell along with the 
electromagnetic solution.  The project schematic setup for the ANSYS Mechanical 
simulation is shown in Figure 3.8.  This schematic does not include convection, which 
was included when modeling liquid saline but not when modeling the gelled saline, also 
called polyacrylic acid (PAA).  Both scenarios were simulated for each device.  The 
convection coefficient for each simulation was calculated from the maximum simulated 
ohmic loss value, the temperature rise, and geometry of each sample. 
 
The ANSYS Mechanical Product Version used was: 14.5.7.  A transient thermal 
simulation was conducted with an initial temperature of 22°C.  The simulation Analysis 





a maximum time step of 20 seconds.  The imported load comes from the 
Maxwell3DSolution as an imported heat generation in units of W/m3.  Given the range 
of samples tested, the statistics for node and element numbers varied for each 
simulation.  The material properties used for the range of test samples are summarized 
in Table 3.2. 
 
Figure 3.8 Project Schematic for ANSYS Mechanical Setup 
 




(W / m*C) 
Density 
(kg / m3) 
Specific 
Heat 




 Relative Magnetic 
Permeability 
(μ/μ0) 
Titanium Grade 1 21 4500 522 1820000 1.00005 
Titanium Grade 5 6.7 4430 526.3 561798 1.00005 





3.3 Laboratory Experimentation 
In order to fully evaluate implantable device heating due MRI gradient fields, laboratory 
experimentation was required for both an evaluation of realistic heating profiles and 
also to validate the computer simulation.  This section details the experimental 
methodology including equipment and procedures. 
 
3.3.1 Test Equipment 
Test equipment is detailed in the following table.  It is important to note that for the 
purpose of this testing a full MRI scanner is not required since the evaluation is focused 
on gradient coil induced heating.  Over a small region, the gradient coil field can be 
approximated by a continuous field.  For this reason, a gradient test station that 
produced a time varying, spatially constant field is acceptable for representative testing 
of the gradient coils from an MRI scanner. 
 
It is also important to note that two mediums are included for testing.  A liquid saline is 
used for testing with convection and a gelled saline, also called PAA, is used for testing 
without convection.  The gelled saline is more representative of tissue, such as that in 
the epidural space for spinal cord stimulation, but both mediums are included for 






Table 3.3 Test Equipment List 
Item Details / Description 
Gradient Test Station Resonance Research Inc. 
Model BFM-180 SPM 
 
Used to generate gradient fields that are 
equivalent to MRI gradients from a device 
heating perspective.  Test station is capable of 
producing pulsed magnetic fields up to dB/dt 
of 500 T/s. 
Test Fixture Custom test fixture designed to fit the 
Gradient Test Station and hold a range of test 
sample sizes while positioning temperature 
probes.  Shown in Figure 3.9. 
Infrared Camera FLIR T400 
Used to capture infrared images of test 
surfaces in order to evaluate heat distribution 
and identify maximum heating locations. 
Temperature Probes Luxtron FOT Fiberoptic Thermometers 
H-Field Probe 17.9cm diameter, single turn shielded 
Oscilloscope 2 channel 
Saline (liquid) De-ionized or distilled water mixed with 
sodium chloride with a conductivity of 0.47 
siemens/meter. 
Saline (gelled), PAA De-ionized or distilled water mixed with 
sodium chloride (salt) and polyacrylic acid with 







Figure 3.9 Test Fixture with Four Luxtron Probes used with Gradient Test Station 
 
 





3.3.2 Test Procedure 
The overall procedure consists of two different tests for each sample type.  First, the 
thermal profile of the entire surface is characterized using an infrared camera for each 
geometry type to be investigated.  During this test, the locations of maximum 
temperature, or “hot spots,” are identified.  Second, longer scans are run with Luxtron 
fiberoptic temperature probes on the hot spots to characterize the heating profile 
continuously over a longer period of time. 
 
3.3.2.1 Thermal Profile with Infrared Camera 
Details of the test signal are provided in the table below followed by the test procedure. 
Table 3.4 Infrared Test Parameters 
Frequency 500 Hz continuous triangle wave B field 
Amplitude 25 T/s rms dB/dt 
 609 mVrms (as measured in 17.9cm diameter H-field probe) 
Duration 10 minutes 
 
1. Place the device under test (DUT) in the test fixture and place the test fixture 
in the center of the gradient test station with the largest face of the DUT 
perpendicular to the gradient field, which is the axis of the Helmholtz coil. 
2. Fill the test environment with gelled saline (PAA), ensuring that the DUT 





3. Setup the test signal to generate a square wave measured by the H-field 
probe equivalent to 25 T/s rms by adjusting the waveform generator on the 
gradient test station, which is producing a continuous triangle wave signal. 
4. Place the infrared (IR) camera over the setup and monitor the infrared 
temperature profile.  Make sure that the camera is focused on the DUT and 
actively monitoring temperature variations. 
5. Apply the gradient test signal for 10 minutes and monitor the IR image, 
saving an image to the memory card every minute.  Distortion on the LCD 
screen of the IR camera due to the gradient environment is normal and will 
not affect the images saved. 
 
3.3.2.2 Maximum Scan Temperature Testing 
Details of the test signal are provided in the table below followed by the test procedure. 
Table 3.5 Temperature Probe Test Parameters 
Frequency 500 Hz continuous triangle wave B field 
Amplitude 25 T/s rms dB/dt 
 609 mVrms (as measured in 17.9cm diameter H-field probe) 






1. Place the device under test (DUT) in the test fixture and place fiberoptic 
temperature probes on the four hottest spots identified in the thermal 
profile testing, 2 per side. 
2. Place the test fixture in the center of the gradient test station with the 
largest face of the DUT perpendicular to the gradient field, which is the axis 
of the Helmholtz coil. 
3. Fill the test environment with liquid saline ensuring that the DUT remains in 
the center of the setup. 
4. Setup the test signal to generate a square wave measured by the H-field 
probe equivalent to 25 T/s rms by adjusting the waveform generator on the 
gradient test station, which is producing a continuous triangle wave signal. 
5. Record temperature with the test signal off for 20 seconds to obtain baseline 
temperature data.  The temperature should be recorded at 1 second 
intervals. 
6. While continuing to record temperature, turn on the test signal for 30 
minutes. 
7. Turn off the test signal and continue to record temperature for 10 minutes to 
obtain the curvature of the temperature decrease. 







3.4 Device Variations 
In addition to a range of test samples, a complete matrix of simulations is completed to 
understand the impact of key variables on device heating.  The laboratory test samples 
along with the expanded simulation samples are detailed in the subsections below. 
 
3.4.1 Laboratory Test Samples 
Laboratory test samples along with their dimensions and material details are provided in 
the following table. 
Table 3.6 Laboratory Test Sample List 
Sample Name Material Diameter (cm) Thickness (cm) 
Large Puck Titanium, Grade 5 7.62 1.27 
Small Puck Titanium, Grade 1 3.78 0.95 
Flat Puck Titanium, Grade 1 3.78 0.05 
Washer Stainless Steel 7.00 0.30 
 
3.4.2 Simulation Design of Experiments Matrix 
Following the successful validation of the accuracy of the computer simulation 
technique, a design of experiments is completed to understand the impact of both 
diameter and thickness of devices on gradient induced heating.  The following graph and 







Figure 3.11 Graph of Simulation Test Matrix 
 
Table 3.7 Simulation Matrix Table 
Sample Diameter (cm) Thickness (cm) Sample Diameter (cm) Thickness (cm) 
*1 3.78 0.05 7 5.5 0.66 
2 3.78 0.25 8 5.5 1.27 
3 3.78 0.66 9 7.5 0.05 
*4 3.78 0.95 10 7.5 0.66 
5 3.78 1.27 *11 7.5 1.27 
6 5.5 0.05 






CHAPTER 4. RESULTS AND ANALYSIS 
4.1 Computer Simulation of Device in Gradient MRI Field 
The heating effects due to gradient MRI coils on implantable devices have been 
modeled using ANSYS Maxwell and ANSYS Mechanical.  The simulation results are 
detailed in the following sub-sections.  The first sub-section details the range of data in 
the ANSYS Maxwell solution.  It includes representative graphs from one of the samples 
for the various fields and values analyzed.  The second sub-section includes the thermal 
solutions from ANSYS Mechanical for the complete list of test samples in Table 3.6. 
 
4.1.1 ANSYS Maxwell – Magnetic and Electrical Solution 
The ANSYS Maxwell solution for each sample results in a number of field overlays, as 
listed in Figure 3.5.  This includes the magnetic B field, H field, E (electrical) field, Ohmic-
Loss, and dB/dt.  For each of these fields, a representative graph is included below from 
the Thin Puck sample.  The complete sets of images were generated for each of the test 
samples, but are not included here because they show similar patterns.   
 
The following two figures show the magnetic B and H fields.  As expected, both fields 





presence of the medical device can be observed in the color gradients.  However, when 
looking closely at the scale, it is clear that the distortion is minor and the field is 
effectively uniform. 
 
Figure 4.1 ANSYS Maxwell B Field for Thin Puck Sample at Gradient of 25 T/s in Saline 
 
  





The electrical field, or E field, induced on the sample is shown in the following figure.  
The electric field does have a range of values with the outside edges of the medical 
device having a greater field than the center of the device.  Since this is the electric field 
due to the current flow induced on the device, no electric field is displayed in the saline 
medium surrounding the device. 
  
Figure 4.3 ANSYS Maxwell E Field for Thin Puck Sample at Gradient of 25 T/s in Saline 
 
As an effect of the electric field, a visual of the Ohmic Loss is shown in the following 
figure.  It is in units of W/m3 (watts per meter cubed).  As expected, the distribution of 
the ohmic loss follows the same pattern as the electric field induced on the medical 






Figure 4.4 ANSYS Maxwell Ohmic Loss for Thin Puck Sample at Gradient of 25 T/s in 
Saline 
 
The final field overlay is a manually calculated field, dB/dt, calculated from the following 
equation where f is the solution frequency and |B| is the magnitude of all three 





       | | (10) 
The derivation of this equation is included in Section 3.1.2..  This equation ensures that 
the simulated environment is equivalent to the test environment used.  An example of 






Figure 4.5 ANSYS Maxwell dB/dt for Thin Puck Sample at Gradient of 25 T/s in Saline 
 
From the figure, it can be seen that a uniform dB/dt of 25T/s existed over the entire test 
environment.  Minor distortion is observed due to the implant, but this had a minimal 
effect on the actual field.  The ability to manually calculate and confirm the dB/dt for 
each simulation ensured that the correct H field input was used in order to match the 
physical testing environment. 
 
4.1.2 ANSYS Mechanical – Thermal Solution 
The complete output data for the set of ANSYS Mechanical simulations is too large to 
include in its entirety in this report.  Graphics of the transient thermal solutions for the 
four samples both physically tested and modeled without convection are included in 





samples and can be compared to the infrared imaging taken in the physical testing that 
is also included in the Appendix.  The maximum simulated heat rise with convection as a 
function of scan time for the four test samples is plotted in the following graph. 
 
Figure 4.6 Simulated Temperature Rise (∆°C) Results due to Gradient Heating at 25 T/s 
in Saline with Thermal Convection Coefficients of 5-20 W/m2 
 
From the figure, it can be seen that the Flat Puck had minimal heating, while the Small 
Puck climbed above 1°C, the Washer to 0.75°C and the Large Puck reached over 2°C 
temperature rise by the end of the 30 minutes (1800 seconds).  Table 4.1 below lists the 
maximum temperature rise for each sample.  This occurred at the final time step, 1800 
seconds, for all of the samples.  Note that the conductivity values for these simulations 





Table 4.1 Maximum Simulation Temperature Rise (∆°C) due to Gradient Heating at 25 
T/s in Saline with Thermal Convection Coefficients of 5-20 W/m2 
Sample Name 
Maximum Temperature Rise 
(∆°C) 
Large Puck 2.388 
Small Puck 1.133 
Flat Puck 0.093 
Washer 0.754 
 
4.2 Laboratory Experimentation and Validation 
The graphical results from the infrared imaging test procedure in PAA detailed in Section 
3.3.2.1 are included in Appendix A along with the equivalent graphics from the 
simulations.  The maximum temperature probe testing results for the gradient induced 
heating in saline detailed in Section 3.3.2.2 are summarized in the following table for the 
four samples tested. 
Table 4.2 Laboratory Results of Maximum Measured Temperature Rise (∆°C) due to 










Large Puck 1.81 1.57 1.59 2.07 
Small Puck 0.86 0.91 0.91 1.53 
Flat Puck 0.22 0.11 0.19 0.22 





For each test sample, the channel with the highest temperature rise is plotted below 
over the entire scan duration.  The absolute temperatures were converted to 
temperature rises by subtracting the starting temperature.  For each sample, the 30 
second moving average is plotted as a black line. 
 
Figure 4.7 Temperature Rise versus Time for Channel 4 on Bottom Edge of Large Puck in 







Figure 4.8 Temperature Rise versus Time for Channel 4 on Bottom Edge of Small Puck in 
Saline at Gradient dB/dT rms of 25 T/s 
 
 
Figure 4.9 Temperature Rise versus Time for Channel 4 on Bottom Edge of Flat Puck in 






Figure 4.10 Temperature Rise versus Time for Channel 2 on Top Edge of Washer in 
Saline at Gradient dB/dT rms of 25 T/s 
 
The scatter observed in the plots is a function of the Luxtron fiberoptic temperature 
probes.  The moving average line helps show the general trend of the temperature rise 
over the 30 minute scan.  For the other probes on each of the test sample, the curvature 
followed a similar pattern to the graphs shown. 
 
4.3 Simulation Device Variations 
Simulations were completed on the range of device variations listed in the test matrix of 
Figure 3.11.  This allowed the impact of both diameter and thickness on device heating 





diameter.  The three separate curves represent three different thickness values of the 
sample: 0.05cm, 0.6ccm and 1.27cm. 
 
Figure 4.11 Simulated Temperature Rise versus Diameter for Titanium Disks at Gradient 
Strength of 25 T/s without Convection 
 
The plotted curves in Figure 4.11 are power fits of the data points for each thickness.  
The equations for these three curves along with their respective coefficients of 
determination are listed below. 
Thickness 1.27cm:                             (11) 
Thickness 0.66cm:                             (12) 
Thickness 0.05cm:                             (13) 





In order to derive the curve fits, power equations were setup and the coefficients were 
solved.  As expected, the power equation fits the curvature very well for each case.  This 
is a result of the electric field being proportional to the radius of the device under test, 
which means that the maximum rise will scale with the square of the radius.  This 
relationship can be derived by applying Stokes’ Theorem to the Maxwell-Faraday 
equation presented in Equation 1, which results in the following equation: 
 
  ∫      
 ∬    
  
 (14) 
Each side of the equation is then solved: 
 
  
∫             (15) 
 
   





|       (16) 
Finally, the equations are set equal to each other and solved for E: 
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For the thinnest sample, 0.05cm thick, the temperature does rise as a function of 
diameter, but at a significantly lower rate than the other thickness values.  In order to 
evaluate the relationship between thickness and heating, the impact of device thickness 
on temperature is also shown in Figure 4.12.  In this graph, the diameter is held constant 







Figure 4.12 Simulated Temperature Rise versus Thickness for Titanium Disks with 
Diameter 3.78cm at Gradient Strength of 25 T/s without Convection 
 
Figure 4.12 shows that increasing thickness has the direct result of increasing 
temperature rise.  The relationship is not perfectly linear and could vary as a function of 
material and diameter.  It would be expected that heating as a function of thickness 
would level off as the thickness approaches the electrical skin depth.   The skin effect 
occurs because rapidly changing magnetic fields, such as the gradient magnetic field, do 
not completely penetrate the disk.  The skin, or penetration, depth can be calculated 











Where   is the skin depth in meters, f is the frequency in Hertz, σ is the electrical 
conductivity in siemens per meter (see Table 3.2) and μ is the magnetic permeability, 
which for non-ferromagnetic titanium is the permeability of free space (         
H/m).  When these values are enterred into Equation 19 for Grade 1 Titanium at 500Hz, 
the skin depth is 1.67cm.  The curvature shown in Figure 4.12 appears to be leveling off 
at it approahces 1.4cm, but additional simulations are necessary to confirm the 








CHAPTER 5. CONCLUSION 
5.1 Discussion 
When discussing the heating effects due to gradient MRI coils on an implantable 
medical device, there are two schools of thought.  The first school of thought recognizes 
the physical possibility of an interaction, but believes the risk to the patient to be 
minimal, if none existent.  The current literature, as discussed in Section 2.2, supports 
this theory with limited testing and analysis failing to demonstrate a significant patient 
risk due to the heating effects of gradient coils.  The key here is that the current 
literature is limited in scope and quantity.  The reasons for this include the very fact that 
the perceived risk is minimal and also because of the higher risks associated with the 
radiofrequency coils of the MRI scanner. 
 
The second school of thought believes that the patient risk due to gradient induced 
heating is a real concern.  This perspective is based on both the limitations of the 
current published evidence and the theoretical possibilities of heat given the vast range 
of implant sizes and compositions in the high energy field.  The scope of this paper and 
research does not address this debate directly.  It does, however, provide a tool and 
framework that will make the research and investigation much easier when answering 





The fact remains that the current regulatory landscape requires manufacturers of 
implantable medical devices to demonstrate safety, including the safety of the device 
with regards to gradient induced heating.  Regardless of the actual risk, testing and 
evidence are still required to obtain MR Conditional labeling for products.  Traditionally, 
this evidence is in the form of extensive in-vitro and in-vivo testing.  This paper and 
research supports computer simulation as another tool for equally effective analysis of 
gradient induced heating on implantable devices. 
 
The heating effects due to gradient MRI coils on implantable devices have been 
successfully modeled using ANSYS Maxwell and ANSYS Mechanical.  The success of 
these simulations comes from their comparison to physical testing of comparable 
samples.  This comparison is made by matching the maximum simulated results from 
Table 4.1 to the maximum measured temperatures from Table 4.2, which is shown in 
the table below. 
Table 5.1 Measured versus Simulated Temperature Rise (∆°C) Results due to MRI 
Gradient induced Heating at 25 T/s in Saline 
Sample Name 
Maximum Simulated 
Temperature Rise (∆°C) 
Maximum Measured 
Temperature Rise (∆°C) 
Large Puck 2.388 2.07 
Small Puck 1.133 1.53 
Flat Puck 0.093 0.22 





When comparing the simulated results to the measured results, it is important to note 
two key limitations of the physical testing.  First, even though the hotspots for each 
sample were identified using thermal imaging, shown in Appendix A, the maximum 
temperature location may not have been measured.  This is highlighted when 
comparing the temperature measurements from different surfaces of the devices and 
also the variation between the middle and the edge of the samples.  The surfaces of the 
devices were exposed to equivalent fields since the devices were placed in the center of 
the test environment.  The differences in measured temperature between the two 
surfaces of each device indicate testing variability.  The variability in temperature along 
the surface is also demonstrated by the measured differences between the middle and 
the edge of the test samples. 
 
The second limitation of the physical testing is the Luxtron fiberoptic temperature 
probes used.  These probes were used because their measurements are not impacted 
by the gradient field.  The tradeoff is that the probes have a limited accuracy and will 
oscillate when measuring temperature, which can be seen in Figure 4.7, Figure 4.8, 
Figure 4.9, and Figure 4.10.  This oscillation limits the accuracy of the probes to 
approximately 0.5°C.  Even the moving 30 second averages displayed as the black line on 
the figures shows significant oscillation. 
 
Given the limitations of the measurement system, the Large Puck, Small Puck, Flat Puck, 





results.  These samples represent a range of thickness, radii, geometry, and even 
material.  The Large Puck was grade 5 titanium, the Small Puck and Flat Puck were both 
grade 1 titanium, and the Washer was stainless steel.  The Large Puck was simulated as 
both grade 5 and grade 1 titanium, with the Grade 5 temperature rise in Table 4.1  of 
2.388°C  and the grade 1 temperature rise in Figure 4.11 of 7.872°C.  This difference in 
the simulated results is consistent with the expected variation due to the differences 
between the material properties of the two grades of titanium. 
 
Differences between the measured data and simulated data could also exist due to a 
limitation in the computer simulation.   A variation exists between the simulation results 
and the measured results in the curvature of the heating profile, as seen when 
comparing Figure 4.6 to Figure 4.7 and Figure 4.10.  The measured graphs appear to 
have a larger initial temperature rise compared to the simulated results.  This could 
indicate a physical phenomenon that the simulation is not capturing.  Possibilities 
include modeling the external components of the test environment and also gradient 
coil properties not included in the model.  This is a continued area of research and the 
next step in improving the validation of the computer simulation setup. 
 
Following the validation exercise, the computer simulation setup was then used to 
understand the impact of implant radius and thickness on device heating.  The impact of 
radius, or diameter, on heating is shown in Figure 4.11.  In this figure, three separate 





conducted on Grade 1 Titanium without convection.  The graph shows the combined 
effect of both thickness and radius.  The impact of radius alone appears to follow a 
power equation fit, as expected since the induced electric field scales with radius.  For 
extremely small thickness values, such as the 0.05cm models, even though the thickness 
impacts heating, the temperature rise values stay well below critical thresholds.  
However, for thicker metals, the temperature rise increases far more quickly as a 
function of diameter. 
 
The impact of thickness is shown in Figure 4.12 for a constant diameter range of models.  
These simulations were also conducted on Grade 1 Titanium samples without 
convection.  While smaller thickness samples do not show large temperature rises, the 
temperature does increase at a fairly constant rate as a function of thickness.  In the 
example shown, the temperature appears to level off as it approaches the skin depth of 
the sample.  This is important to keep in mind, especially when considering design and 
manufacturing tradeoffs of implantable medical devices.  Future simulations could 
extend this curve while also generating similar curves for other materials in additional 
exposure environments. 
 
While the simulation experiments on the variables discussed above are interesting, they 
are barely the tip of the iceberg of potential parameters and effects that could be 
characterized and understood with a successful computer simulation of the gradient 





heating can occur not only on the external surface, or case, of the implantable device, 
but also any large metallic surface inside of a device.  For example, the battery of a 
none-rechargeable implantable neurostimulator can be quite large and would be more 
likely to have a thicker metal than the external case.  In this scenario, the external case 
may show minimal heating by itself, but the battery could heat up extensively and 
transfer that heat to the external case and onto the patient.  A limited computer 
simulation of just the external case would fail to show this effect. 
 
The simulations completed for this work contribute to the discussion of parameter 
characterization, but are just the first step.  The real success lies in the potential of 
computer simulation to answer questions that would have been very difficult, time 
consuming and expensive to fully answer with physical testing.  Even though the success 
of the computer simulation model as measured in accuracy relative to the laboratory 
test results is encouraging, a number of areas still exist for future exploration that are 
detailed in the next section. 
 
To summarize, the interaction between implantable medical devices and MRI 
environments is complex.  A key component of this interaction is the induced heating 
that is possible due to eddy currents created on metal objects from the MRI gradient 
coils.  This heating is a potential patient risk that limits the eligibility of patients to 
receive an MRI.  For patients with implantable medical devices, the ability to safely 





current literature fails to demonstrate significant heating due to gradient coils, it is 
limited in scope and quantity.  Also, the current regulatory landscape requires extensive 
safety testing that is often expensive and time consuming.  While the complicated 
question of heating potential remains open, computer simulation is now a proven tool 
that can provide easier and more thorough analysis for future evaluations. 
 
5.2 Future Work 
As mentioned in the previous section, this research opens up an extensive collection of 
potential future work.  The ultimate goal would be to improve the accuracy of the 
simulation and also expand the scope of the investigation to help characterize the 
interaction and provide clarity when determining the safety of implantable medical 
devices. The future work falls into two main categories: model improvements and 
additional simulations. 
 
For model improvements, in addition to addressing the sources of variation discussed in 
the previous section, updates can be made not only to the detail of the actual model but 
also to the physical properties inputted into the model.  One particular example is the 
material properties of the samples, which were determined by literature values but 
ideally would be characterized through independent testing.  This has the potential to 
significantly improve the accuracy of the model.  Another example is the convection 





equations but ideally would be independently calculated for each sample in the actual 
test medium using laboratory testing. 
 
As for the detail of the model, a point of interest for actual implantable medical devices, 
versus metal disks, would be the battery within the device and how energy is coupled 
between the battery and the external case.  This could be a major driver of observed 
heating due to gradient coils and a potential design source for risk mitigation.  The 
computer simulations could also be used to characterize the effects of battery heating 
outside of an MRI environment. 
 
Another potential source for future work would be an expansion of simulation 
conditions.  Especially after the model improvements discussed above, the simulations 
could be used to study a range of parameters beyond radius and thickness.  This could 
include different materials and geometries for implantable devices along with different 
orientations within the gradient environment and eventually complex interactions that 
are a function of multiple variables.  The list is far too extensive to detail here but would 
begin to characterize the broad landscape of potential interactions highlighting the 
critical ones to support MRI safety assessments and design choices for a range of 
implantable medical devices. 
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APPENDIX GRADIENT HEATING OF DEVICE VISUAL DISTRIBUTION 
Results from the infrared imaging test procedure detailed in Section 3.3.2.1 are shown 
in the following figures for the Large Puck and Small Puck.  The images show the heat 
distribution along the surface of the sample tested.  Note that the resolution and clarity 
is affected by the fact that the image is being taken through a thin layer of gelled saline 
(or PAA) on top of the sample. 
 







Figure A 2 Infrared Image of Small Puck in Gradient MRI Field 
 
The heating profiles in the images above can be compared to the heating profiles 
generated by the computer simulation.  Graphics of the transient thermal solutions for 
the four samples both physically tested and modeled are shown below without 
convection.  The graphics show the heating profile across the surface at the final time 







Figure A 3 Transient Thermal Solution for Large Puck 
 
 






Figure A 5 Transient Thermal Solution for Flat Puck 
 
 





Finally, a cross section of the simulation test environment was taken at the final time 
step for one of the titanium samples to show the heat distribution around the sample 
and the surrounding environment.  This is shown in the figure below. 
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